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Abstract 

A study  was  made  of  the  effect  of  speed  change, 
ambient  temperature,  and  refrigerator  tempera- 
ture on  the  net  refrigerating  capacity  of  a 
plug-type  refrigerating  unit.  Model  D731”96l4l4 , 
manufactured  by  Carrier  Corporation  of  Syracuse, 

New  Yorko  The  test  specimen,  of  nominal  l/3-ton 
capacity,  was  constructed  with  the  compressor 
and  condenser  fan  coupled  directly  to  the  gaso- 
line engine  whereas  the  evaporator  fan  was  driven 
at  constant  speed  by  a direct  current  electric 
motor  powered  by  a generator  built  integrally 
with  the  engine.  The  results  showed  that  at  con- 
stant speed  the  net  refrigerating  capacity  in- 
creased linearly  with  increase  in  refrigerator 
temperature  when  the  ambient  temperature  was  con- 
stant, and  decreased  linearly  with  increase  in 
ambient  temperature  when  the  refrigerator  tem- 
perature was  constant.  A maximum  net  refriger- 
ating capacity  of  I4I6O  Btu/hr  was  observed  at  an 
engine  speed  of  2700  rpm.  The  unit  attained 
about  93  percent  of  the  nominal  l/3-ton  rating 
at  the  design  engine  speed  although  the  engine 
speed  varied  in  excess  of  10  percent  from  test 
to  test  under  control  of  the  governor.  At 
speeds  near  the  design  speed  the  capacity  of 
the  unit  varied  approximately  in  direct  pro- 
portion to  the  Speed. 

1,  INTRODUCTION 

At  the  request  of  the  Office  of  the  Quartermaster  General 
studies  were  made  of  a l/3-ton  gasoline-engine  driven  refrig- 
erating unit  of  the  plug  type.  Model  D731"96l44,  manufactured 
by  Carrier  Corporation,  Syracuse,  New  York,  to  determine  the 
effect  of  changes  of  ambient  temperature,  refrigerator  tem- 
perature, and  engine  speed  on  the  net  refrigerating  capacity. 


■IPC' 


3ir 


-T-Kar-  e 

...  .Wir-v'-, 


’Sr 


"'  ''Ijm 


,*R  • 


'■ 


• .T  />  ' 


*'  * ■ '“'  ■'^'.  *.  £j*  *-*  ''✓1 


jf 


■ *-/3 

: , .’f  • ' ' '•  • '■•'I'rE; 

- ; , ■ Vi-r^  ■ *”-  ■«'•  ' 

. ,.  *l  ;'  ■*^:  '.  , - ■ 'I'^Sj— -■  , ■.  ^ ;•■  >-,■ 


■r-V  ■■  ' 


w' 


- ' ' i,i-'  ■ !,  ''■' 

-'  • • " *■  ■••.  , ,>,  *«  ’ 'V  1,  •*  -„  , ,,-:v'i 


v.yv  ■:  . -vr>'  '•  -r^r  ' % 

' ! . . * ' .,.  ..-  tit  .'(l.Viu  I..  ,^V-  Viiwjl  o.-Ji'.''  ■■''.ta 


■ VI 

(^3  ■•r*" 


' V • « >. ; 


. ,''  ■'♦  first ^ 


ittV 


■'  -f ' I , . 

- jy ' 'j  , r\v 

V. . • . ■'  ■.•;■••  -I 

'•  ■■• » j“".-  >'Vv  'A*’ivT  ,;? 
fi..  ' ■ , ^:.■'"r1n■■■ 

.•' - ■ ■ . ..  y . .t ■ ’ .f  ##•  w 


fi 

f j 


V 


'ii; : 

.T  , ■ ^ •*k  ' .V  / 

. , t >•*■  -T^p^rry^  f-  --V^i 

. .',,  ..  ^ ..f  ■ 

■ ./J-f.  lx.  - .. 


y ’KW, 


( 


■ 'V  <( 


>.  V s'-'  ■ 

fl  . ■«... 


.V 


'Cl' 


.O'  .-.r--:iB-. 


1 " ' 'Ai 

••.f  * S'.  iwa 


41 


Tests  were  made  in  the  range  of  ambient  temperature  from 
70°F  to  125*^F,  and  in  the  range  of  refrigerator  temperature 
from  -22°P  to  at  design  engine  speedy  and  tests  were  in 

the  speed  range  from  l800  rpm  to  3OOO  rpm  with  a refrigerator 
temperature  of  0°F  and  an  ambient  temperature  of  110°Fo  Dur- 
ing the  series  of  tests  at  various  speeds  the  condenser  fan 
speed  varied  proprotionally  with  the  engine  speed  by  virtue 
of  being  mounted  on  the  same  shaft  whereas  the  evaporator  fan 
was  driven  at  constant  speed  because  it  was  driven  by  a direct 
current  motor. 


2.  TEST  SPECIMEN 

The  specimen  refrigerating  unit 5,  Carrier  Model  D731“96l4l| 
was  of  the  plug-type,  of  nominal  one-third  ton  capacity  equip^ 
ped  with  an  Onan  gasoline  engine.  The  unit  was  designed  to 
refrigerate  a 150  cu.  ft.  walk-in  refrigerator,  either  de- 
mountable or  non-sectional,  in  the  field  where  a source  of 
electric  power  was  not  available  for  refrigeration  purposes. 
The  non-sectional  150  cu.  ft.  refrigerator  used  for  capacity 
tests  with  various  engine  speeds  was  manufactured  by  Brown 
Industries  of  Spokane,  Washington.  The  demountable  150  cu, 
ft.  refrigerator  used  for  capacity  tests  at  various  ambient 
and  refrigerator  temperatures  was  manufactured  by  U,  S. 

Thermo  Control  Company  of  Minneapolis,  Minnesota.  Figure 
1 shows  an  exterior  view  of  the  refrigeration  unit  from  the 
condensing  unit  end.  Figure  2 shows  the  interior  of  the 
condensing  unit  with  the  top  and  one  side  panel  removed.  The 
compressor  was  directly  coupled  to  and  powered  by  a two  cy- 
linder' two  cycle  gasoline  engine  manufactured  by  D.  W.  Ovan 
& Sons,  Inc.  of  Minneapolis,  Minnesota.  The  condenser  was 
air  cooled  by  a five  bladed  fan  attached  to  the  coupling 
on  the  shaft  between  the  compressor  and  the  engine  as  shown 
in  Figure  2,  Air  for  the  condenser  was  drawn  in  at  the  right 
as  seen  in  Figure  2.  and  discharged  around  the  engine.  The 
face  area  of  the  condenser  measured  19  by  20  l/2  Inches,  A 
part  of  the  built-in  starter-generator  is  shown  back  of  the 
air  Intake  grille  in  Figure  1. 

The  evaporator  coll  was  mounted  horizontally  at  the 
bottom  of  the  evaporator  section  of  the  unit,  seen  on  the 
far  side  of  the  condensing  unit  in  Figures  1 & 2.  The  four 
bladed  evaporator  fan  was  12  inches  in  diameter  and  was 
driven  by  a 12-volt  direct-current  motor  at  a speed  of  1900 
rpm.  This  motor  was  located  in  the  center  of  the  vertical 
end  panel  of  the  cabinet.  It  drew  air  in  at  the  bottom  of 
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the  evaporator  section  through  the  evaporator  coll  and  forced 
the  air  straight  forward  into  the  refrigerator  when  installed 

The  overall  dimensions  of  the  condensing  unit; section 
were;  width,  l\l  inches;  height,  33  inches;  and  depth,  25 
inches;  whereas  those  of  the  evaporator  section  were;  width, 
28  inches;  height,  21  I/I4  inches;  and  depth,  27  Inches  in- 
cluding the  wire  guard  over  the  evaporator  fan, 

3,  TEST  PROCEDURE 

Two  series  of  tests  were  made  of  the  Carrier  Model  D731~ 
96i|i|  plug-type  refrigerating  unit.  The  unit  was  mounted  in 
a 150  cuo  ft,  walk-in  refrigerator.  The  entire  system  was 
operated  in  a room  whose  temperature  could  be  controlled  at 
the  desired  level.  By  adjustment  of  an  internal  heat  load, 
the  refrigerator  temperature  was  also  maintained  at  the  de- 
sired level. 

For  the  first  series  of  test,  the  refrigerating  unit 
was  operated  in  ambient  temperatures  of  70°P,  90°F,  110°F 
or  125°F  during  successive  periods  and  the  refrigerator 
temperature  was  maintained  at  35°^^»  ^rad  the  lowest  attain 

able  value  without  internal  heat  load  during  separate  tests 
at  each  ambient  temperature.  The  engine  speed  was  not  ad- 
justed manually  during  the  test,  but  was  regulated  by  a gover 
nor.  The  15O  cu.  ft,  demountable  warehouse  employed  for  this 
series  of  test  was  manufactured  by  U,  S.  Thermo  Control  Com- 
pany, 

For  the  second  series  of  test,  the  refrigerating  unit 
was  operated  in  an  ambient  temperature  of  110°P  and  the  re- 
frigerator temperature  was  maintained  at  0°F,  The  engine 
speed  was  regulated  by  adjusting  the  governor  setting,  Sep- 
erate  tests  were  made  at  engine  speeds  ranging  from  I8OO  to 
3000  rpm  in  increments  of  3OO  rpm.  The  non-sectional  150 
cu.  ft.  warehouse  employed  for  this  test  was  manufactured  by 
Brown  Industries, 

For  both  series  of  tests,  observation  of  temperatures 
was  made  at  30-minute  intervals  and  observations  of  speeds, 
pressures,  heat  input  and  fuel  consumption  were  made  at 
60-mlnute  intervals  for  at  least  four  hours  after  a steady 
state  condition  was  reached. 
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Prior  to  each  series  of  test^  a reverse  heat-flow  test 
was  made  to  determine  the  rate  of  heat  transfer  through  the 
warehouse  wall,  which  constitutes  part  of  the  refrigerating 
load.  The  refrigerating  unit  was  in  place  but  was  not  ope- 
rated during  this  test.  The  ambient  temperature  was  held  at 
the  warehouse  temperature  was  maintained  at  135°F 
while  observations  of  temperatures  and  the  amount  of  heat  re- 
quired to  maintain  this  temperature  difference  were  made  at 
30-mlnute  intervals  for  at  least  four  hours  after  equilibrium 
was  reached. 

Calibrated  thermocouples,  pressure  gages,  watt  hour 
meters  and  other  instruments  were  used  for  the  various  meas- 
urements. 


i^,  TEST  RESULTS 

The  heat  transmission  factors  of  the  150  cu,  ft,  ware- 
houses used  to  test  the  Carrier  l/3-ton  refrigerating  unit 
were  found  to  be  23«1  Btu/hr  { °F)  for  the  demountable  Thermo 
King  warehouse  and  27<.l  Btu/hr  ( °F ) for  the  Brown  warehouse. 

The  net  refrigerating  capacity  of  the  Carrier  l/3-ton 
unit.  Model  D731”96L|.l4,  at  design  engine  and  compressor  speed 
is  summarized  in  Table  1 and  shown  graphically  in  Figure  3 
for  a range  of  ambient  temperature  and  refrigerator  tempera- 
ture, At  design  conditions  of  0°F  refrigerator  temperature 
and  110®F  ambient  temperature  the  net  refrigerating  capacity 
was  3710  Btu/hr  or  about  93  percent  of  the  nominal  rating 
of  one-third  ton.  At  the  higher  refrigerator  temperature  of 
35°!^  "tB-e  net  refrigerating  capacity  was  about  88OO  Btu/hr 
for  otherwise  similar  conditions. 

Figure  3 shows  that  the  relation  between  net  refriger- 
ating capacity  and  refrigerator  temperature  was  approximately 
linear  for  a given  ambient  temperature.  Conversely,  the 
data  in  Table  1 can  be  plotted  to  show  a linear  relationship 
between  net  refrigerating  capacity  and  ambient  temperature 
for  a given  refrigerator  temperature.  In  Figure  3 the  net 
refrigerating  capacity  increased  1^6  Btu/hr  per  degree  rise 
in  refrigerator  temperature  on  the  average  for  an  ambient 
temperature  of  70°F  and  the  corresponding  value  was  137«5 
Btu/hr C°F)  for  an  ambient  temperature  of  110°F,  The  net 
refrigerating  capacity  decreased  I4I4O  Btu/hr  for  every  10®F 
rise  in  ambient  temperature  above  70°F  or  eight  percent  of 
its  capacity  at  70°F  when  the  refrigerator  temperature  was 
maintained  at  0°F,  The  corresponding  decrease  for  a re- 
frigerator temperature  of  35*^F  was  632  Btu/hr  for  every  10°F 
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rise  in  ambient  temperature  above  70°F  or  percent  of 

it  capacity  at  ?0°F/ 

Table  1 shows  that  the  air  temperature  difference  across 
the  evaporator  was  approximately  proportional  to  the  net  re- 
frigerating  capacity  as  would  be  expected  for  constant  fan 
speed  and  constant  air  delivery.  On  the  other  hand,  the  air 
temperature  difference  across  the  condenser  did  not  increase 
in  proportion  to  the  net  refrigerating  capacity,  indicating 
that  the  heat  of  compression  was  lower  for  lower  compression 
ratios  at  any  given  ambient  temperature. 

Table  1 Indicates  that  the  superheat  of  the  refrigerant 
vapor  at  the  thermal  expansion  value  bulb  decreased  as  the 
refrigerator  temperature  decreased.  The  superheat  at  the 
expansion  value  bulb  averaged  about  0.5°F  at  the  lowest 
attainable  refrigerator  temperature,  2»l\°F  at  a refrigerator 
temperature  of  0°F,  and  9-9°F  at  a refrigerator  temperature 
of  A.  comparison  of  the  temperature  at  the  compressor 

inlet  and  the  saturated  suction  temperature  in  tests  1 and 
in  Table  1 suggests  that  liquid  refrigerant  could  have  been 
entering  the  compressor  at  times  during  these  two  tests.  The 
observed  values  of  net  refrigerating  capacity  for  these  two 
tests,  as  plotted  in  Figure  3j  however,  do  not  appear  to  de- 
viate significantly  from  expected  trends. 

The  engine  and  compressor  speed  was  not  constant  during 
the  tests  represented  by  Figure  3 at  various  ambient  and  re- 
frigerator temperatures  even  though  the  governor  was  permitted 
to  control  the  speed  during  all  tests.  The  average  speed 
ranged  from  a low  value  of  193^  ^*0^  the  three  tests  in  an 

ambient  temperature  of  90°F  to  a high  value  of  217l|  rpm  for 
the  three  tests  in  an  ambient  temperature  of  110°F.  This  is 
a variation  of  about  11  percent.  Considering  these  variations 
in  speed  and  their  effect  on  the  net  refrigerating  capacity 
the  curves  for  ambient  temperatures  of  70°F,  90°F,  and  125°F 
in  Figure  3 should  be  displaced  to  the  left  a little  with 
the  greatest  shift  occurring  in  the  curve  for  an  ambient  tem- 
perature of  90°P  to  make  the  results  truly  comparative  with 
those  shown  for  an  ambient  temperature  of  110°F. 

The  results  of  the  capacity  tests  for  a range  of  engine 
and  compressor  speeds  from  1800  rpm  to  3OOO  rpm  are  summarized 
in  Table  2 and  shown  graphically  in  Figures  [|  & 5»  All  of 
these  tests  were  made  with  an  ambient  temperature  of  110°F 
and  a refrigerator  temperature  of  0°F, 
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Figure  5 shows  that  the  net  refrigerating  capacity  in- 
creased progressively  as  the  speed  was  increased  from  l800 
rpm  to  2700  rpm  but  not  proportionally  over  the  entire  range, 
to  a maximum  value  of  about  I|l60  Btu/hr.  At  an  engine  speed 
of  3000  rpm  the  capacity  decreased  to  about  37OO  Btu/hr.  In 
this  case  the  decrease  of  capacity  at  3OOO  rpm  cannot  be  at- 
tributed to  an  increase  in  evaporator  fan  power  because  the 
evaporator  fan  was  driven  at  constant  speed  for  all  of  the 
tests.  For  this  unit  the  shape  of  the  capacity  curve  in 
Fig.  4 reflects  the  effect  of  the  small  increase  in  com- 
pression ratio,  the  change  in  value  action,  and  the  change 
in  discharge  refrigerant  temperature  as  the  engine  and 
compressor  speed  was  increased. 

Table  2 shows  that  the  discharge  pressure  increased  a 
little  as  the  speed  was  increased  whereas  the  suction  pres- 
sure decreased  gradually  as  the  speed  was  increased  from 
1800  rpm  to  2I4OO  rpm.  These  trends  caused  a small  Increase 
in  compression  ratio  up  to  a speed  of  2400  rpm  followed  by 
a gradual  decrease  in  compression  ratio  at  higher  speeds. 

The  air  temperature  difference  across  the  condenser  also  de- 
creased slowly  for  speeds  above  2400  rpm  as  shown  in  Table 
2.  The  data  observed  during  the  tests  also  showed  that  the 
temperature  of  the  refrigerant  at  the  compressor  discharge 
decreased  for  speeds  above  2400  rpm.  All  of  these  results  in- 
dicate that  the  pumping  capacity  of  the  compressor  was 
leveling  off  or  decreasing  at  speeds  above  2400  rpm. 

On  the  other  hand  Table  2 shows  that  the  suction  gas 
temperature  was  1.6°F  in  test  ^ at  an  engine  speed  of  3OOO 
rpm  whereas  the  corresponding  temperatures  ranged  from  39°F 
to  57°F  for  the  tests  at  lower  speeds.  The  low  temperature 
at  the  compressor  suction  combined  with  the  low  value  of 
superheat  at  the  thermal  expansion  valve  bulb  in  test  5 
suggests  that  the  expansion  value  may  have  been  permitting 
liquid  refrigerant  to  approach  the  compressor  suction  in 
this  test.  If  this  was  occurring,  it  would  tend  to  lower 
the  useful  refrigerating  capacity  in  the  refrigerator. 

Thus  the  operating  conditions  are  not  exactly  comparable 
between  test  5 £^nd  the  remainder  of  the  tests  even  though 
they  are  representative  of  the  performance  capabilities 
of  the  unit  under  the  speed  conditions  selected  for  the 
investigation.  That  is,  the  net  refrigerating  capacity  of 
the  unit  at  a speed  of  2,000  rpm  might  have  been  higher  if 
the  expansion  val  vs  had  controlled  the  superheat  in  the 
same  manner  as  for  lower  speeds. 
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Pigiire  5 shows  the  relation  between  fuel  consumption 
rate  and  engine  speed  for  the  tests  at  constant  ambient 
and  refrigerator  temperature.  A comparison  of  Figures  I4  & 

5 indicates  that  the  gasoline  consumption  rate  increased  as 
the  capacity  increased  and  showed  a tendency  to  level  off 
as  the  capacity  of  the  unit  levelled  off. 

5.  DISCUSSION  AND  CONCLUSIONS 

The  tests  of  the  Model  D731“96i|ij  Carrier  l/3-ton  re- 
frigerating unit  showed  that  its  capacity  at  rated  speed  was 
about  93  percent  of  the  1/3-ton  rating  at  an  ambient  tem- 
perature of  110 °F  and  a refrigerator  temperature  of  0°F, 
Figure  I4  shows  that  the  nominal  rating  of  I4OOO  Btu/hr  could 
be  attained  at  an  engine  speed  of  2I4OO  rpm  and  that  the  maxi- 
mum capacity  of  I4I6O  Btu/hr  was  attained  at  an  engine  speed 
of  2700  rpm. 

Figure  I4  shows  that  the  capacity  of  the  unit  Increased 
from  3300  Btu/hr  at  a speed  of  193^  to  3750  Btu/hr  at 

a speed  of  217ll  rpm  or  about  12  percent  of  the  higher  capa- 
city. This  is  the  variation  observed  in  average  speed  of 
the  test  specimen  when  controlled  by  the  governor  during  the 
tests  at  various  ambient  temperatures.  That  is,  the  data 
in  Figure  I|  indicates  that  the  curve  plotted  in  Figure  3 
for  an  ambient  temperature  of  90°F  should  be  shifted  to 
show  capacities  about  12  percent  higher  in  order  to  make  it 
comparable  with  the  plotted  data  in  F“'igure  3 ambient 

temperature  of  110°F.  Corresponding  changes  in  the  positions 
of  the  curves  in  Figure  3 For  ambient  temperatures  of  70°F 
and  125*^  could  be  worked  out  on  the  same  basis. 

The  data  observed  at  various  refrigerator  temperatures 
and  ambient  temperatures  indicated  that  the  relation  between 
unit  capacity  and  either  ambient  temperature  or  refrigerator 
temperature  was  linear  when  the  other  remained  constant. 
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TABLE  1 


EFFECT  OF  REFRIGERATOR  AND  AKBIENT  TEMPERATURE 
ON  THE  CAPACITY  OF  THE  CARRIER  REFRIGERATING  UNIT  D73I-9644 


Test  Number 


Net  Refrlgeratln/5  Capacity,  Btu/hr 
Engine  Speed  (a)  RPM 

Avg.  Refrigerator  Temp.  °F 

Avg.  Ambient  Temp.  °F 

Discharge  Pressure  psig 

Suction  Pressure  " 

Compression  Ratio 
Gasoline  Consumption  Rate  Ib/hr 
Suction  Gas  Temp.  °F 

Sat.  Suction  Temp.  °F 

Superheat  at  Expansion  Valve 
Bulb  °F 

Temperature  of  Air  Entering 
Condenser  °F 

Temperature  of  Air  Leaving 
Condenser  °F 

Air  Temp.  Difference  Across 
Condenser  °F 

Temperature  of  Air  Entering 
Evaporator  ®F 

Tempterature  of  Air  Leaving 
Evaporator  °F 

Air  Temp.  Difference  Across 
Evaporator  °F 


(a)  Compressor  and  Condenser  Fan  s 
was  constant  at  1900  rpm 

(b)  Vacuum,  in  Hg. 


1 

2 

3 

4 

5 

2170 

2019 

-24.1 

69.5 

5470 

2020 

0.1 

69.8 

11320 

1954 

34.7 

69.0 

2410 

1957 

-15.1 

88.9 

4650 

1939 

0.2 

90.1 

86 

4.0(b) 

7.92 

3.8 

-24.8 

-28 

93 

0.8 

6.95 

3.6 

29.9 

-19 

109 

12.0 

4.63 

4.0 

48.5 

5 

114  123 

0.4(b)  2.8 

8.88  7.87 

3.8  3.6 

-17.1  24.8 

-22  -14 

0.3 

3.3 

11.6 

0.3 

1.1 

72.2 

72.0 

71.1 

90.1 

91.7 

75.2 

77.3 

79.9 

93.8 

96.9 

3.0 

5.3 

8.8 

3.7 

5.2 

-23.3 

1.2 

35.7 

-14.5 

0.8 

-24.7 

-4.3 

24.0 

-16.2 

-4.0 

1.6 

5.5 

11.7 

1.7 

4.8 

were  identical  with  engine  speed. 
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